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It has been shown that nicotinic acid (1),
acetylsalicylic acid (2), glucose and urea (3)
penetrate skin much more slowly than less
allowance was made for the decay of Na-24 during
the experiment. Br-82 does not emit a high-energy
p-particle; its penetration through rabbit skin
polar substances of similar molecular weight,
and there are several indications in the older
was calculated from the concentration in venous
blood samples, which were taken at 50-200 mm.
intervals from the animal's ear. The distribution
literature that the skin is only slightly per-
meable to polar substances (4). On the other
hand, several species of ion have been ob-
served to penetrate skin in measurable quan-
volume of the Br-82 in rabbits was measured in
separate experiments, by intravenous injection and
sampling.
(b) Human subjects. White male volunteers be-
tween the ages of 20 and 40 years were used. The
tities (5—7). Since this point has theoretical as
well as practical significance (3) we have
measured the permeability of pig, rabbit and
human skin to some common ions which are
available in a radioactive form,
hair was clipped from the dorsal surface of the
forearm, a silicone rubber ring formed, the ionic
solution (Na-24C1 or NaBr-82) applied and covered
as already described. Venous blood samples were
taken from the other arm at 2 hour intervals, and
the isotope concentration measured. The distribu-
tion volumes of both sodium and bromide ions
METHODS were assumed to be 260 ml/kg body weight (9).
Penetration was measured in human volunteers,
anesthetized animals and through excised pieces
of skin. The salts used were NaCl labelled with
Na-24, KC1 labelled with K-42, NaBr labelled
with Br-82, and equimolar NaH,P04: Na,HPO4 (at
rH7) labelled with P-32. The concentrations of
the NaC1, NaBr, and KC1 were all approx. 155
mEq/ml (9 mg/ml, 15.4 mg/ml and 11.5 mg/ml re-
spectively). The phosphate solution contained 32
mM phosphate (1 mg P/ml) plus 20 mEq/ml non-
radioactive NaC1. These solutions were supplied
by the Radiochemical Centre, Amersham.
(a) Anaesthe tired animals. Large white pigs (20—
40 kg) and albino rabbits (2—3 kg) of both sexes
(c) Excised skin. Clipped rabbit and pig flank
skin, and human half-thickness thigh skin
(Thiersch graft) from children aged 5—15 years was
used for these experiments. Subcutaneous tissue
was removed and the skin was stretched across a
diffusion cell (10). A large quantity of isotopically-
labelled ionic solution (approx. 200 id/cm') was
placed on the epidermal surface. 0.9% NaCI was
circulated beneath the skin and its isotope content
measured periodically.
Calculation. (a) Penetration rate (r; nEq/cm'.
mm) was calculated from the decline of radioac-
tive emission from the skin surface according to
the equation
were used. Each animal was anesthetized with
Dial and urethane. The flank hair was cut short
with electric clippers. A ring of silicone rubber
CV dRr =
— --.—-- (1)
(Silastomer, Midland Silicone) was painted
around a brass cylinder on the clipped skin. When
the rubber mix hardened the cylinder was re-
moved, leaving a watertight skin-rubber seal sur-
rounding a 4 cm' area of skin. 100 ,d of one of
the radioactive salt solutions was placed on the
skin and covered with a 100 n-thick polyethylene
disc which just fitted within the rubber ring. This
where
dR/dt = rate of change of emission (counts/sec
mm)
R, = initial emission (counts/see)
C = concentration of labelled ion (nEq/ml)
V = volume of solution applied (ml)
A area of application (cm')
forced the solution into a thin film over the whole
area. The entire assembly was further covered
by a 100 it-thick nylon membrane, to reduce
evaporation.
(b) Penetration rate was also calculated from the
increase of venous concentration of the ion accord-
jog to the equation
The skin penetration from this source was meas-
ured in two ways, depending on the isotope em-
ployed. P-32 and Na-24 emit high-energy p-par- (2)
ticles, and their skin penetration was measured by
the reduction in a-emission from the source (8); where
dC'/dt rate of change of venous concentration
(nEq/ml. mm)
W body weight (kg)
a distribution volume of the labelled ion
(mi/kg)
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Partition coefficient. 1 ml of the Na-2401, NaBr-82
and K-42C1 solutions were each shaken up with
100 ml of diethyl ether and the radioactivity of
the ether measured after the saline had been al-
lowed to settle.
RESULTS
(a) Anesthetized animals
(i) Disappearance from the skin surface. Ac-
cording to the measurements of a-emission
from Na-24 and P32, both sodium and phos-
phate ions begin to penetrate pig or rabbit
skin within 10 mm of their application to the
skin, and continued to do so at a steady rate
for the duration of the experiment (Fig. 1).
The reliability of this method has been dis-
cussed in detail elsewhere (8); in the pres-
ent instance the penetrants were non-volatile,
COUNTING
RATE
(couNrs/sEc)
the a-particles they emitted were highly-pene-
trating, and the possibility of sideways move-
ment under the rubber ring was remote, so
that the observed reduction in n-emission was
almost certainly due to systemic removal or
deep dermal diffusion of the labelled ions. The
absolute penetration rates, calculated accord-
ing to equation 1, are shown in Table I. Indi-
vidual variation was large, and there were no
significant differences between the ionic or ani-
mal species, but there was an indication that
pig skin was slightly less permeable than rab-
bit skin.
In three experiments pig skin was stripped
with adhesive tape until the surface was red
and damp (11) before a radioactive solution
of NaC1 was applied. The penetration rate
through the stripped skin was an order of
400
FIG. 1. The fl-particle emission from P-32 labelled sodium phosphate solution on a rabbit's
flank.
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TABLE I
Penetration of ions through skin from a 155 mEq/l solution on the epidermal surface*
The mean and its standard error are given for each set of experiments, with the number of experi-
ments in brackets.
Ion
Penetration rate (Eq/cn2min) through
Rabbit flank Pig flank Huma.fohrarni(i1) vivo)
A. In vivo
Sodium
Bromide
Phosphate*
B. Excised skin
Sodium
Bromide
Potassium
7.8 1.5 (6)
8.2 2.5 (5)
3.4 (2)
6.1 2.8 (3)
4.0 0.6 (4)
5.6 3.4 (6)
5.1 1.5 (5)
—
2.8 * 0.5 (3)
1.9 1.4 (6)
—
0.5 0.2 (3)
0.16 0.05 (4)
0.11 0.05 (5)
0.09±0.03(3)
—
—
* The values for phosphate are calculated on Fick's law from experiments in which an equimolar mix-
ture of Na2HPO4 and NaH2PO4 of total concentration 32 mM was applied to the epidermal surface.
magnitude greater than through normal skin
(61 26 nEcijcm'.min). Biopsy of this skin
after the experiment showed that all the stratum
corneum had been removed, but the malpighian
layer appeared intact.
(ii) Appearance in venous blood. The Br-82
concentration in rabbit blood rose continu-
ously during contact of the radioactive NaBr
with the animal's skin. In some cases the con-
centration rose at a steady rate throughout the
experiment, in others it only began to rise after
a delay of 2—4 hours (Fig. 2). Penetration
rates were calculated from the rate of rise of
concentration in the last 200 min of the experi-
ment. The absolute values of bromide pene-
tration rate so calculated were not significantly
different from the penetration rates of sodium
and phosphate ions calculated from the sur-
face disappearance measurements (Table I).
The distribution volume used for this cal-
culation (a in Equation 2) was 280 ml/kg body
weight. It was derived from two experiments
in which NaBr-82 was injected intravenously
into rabbits, and is similar to the chloride dis-
tribution volume in a variety of species (12).
(b) Human subjects
The blood concentration of Na-24 or Br-82
rose continuously while the isotope solution was
in contact with human skin, sometimes at a
steady, and sometimes at an accelerating, rate
(Fig. 3). The actual concentration achieved
was very low, and was difficult to measure
accurately. This was partly due to the large
volume into which the isotope was diluted in
the body, and partly due to the lower permea-
bility of human skin. The penetration rates
were again calculated from the last 2 hours of
each experiment, and were one-hundredth to
one-tenth those in the rabbit (Table I). The
concentration of labelled ion in the urine was
also measured; it was equal to or less than the
blood concentration, and the urine content
therefore represented a negligible fraction of
the total penetrant.
(c) Excised skin.
Penetration through excised skin is compara-
tively easy to measure, since the penetrant is
not diluted into the body volume and the vol-
ume of radioactive solution applied to the skin
surface can be made as large as is desired. Ionic
penetration began slowly and reached a steady
rate, which was maintained for the rest of the
experiment, after 1—3 hours. This delay period
was probably largely an artefact of the prepara-
tion (13) and was therefore not considered fur-
ther. The steady penetration rates of Na and
Br- through excised rabbit and human skin
were not significantly different from their coun-
terparts in vivo (Table I), despite the greater
volume of solution applied per unit area of
skin. Penetration of Na through excised pig
skin was considerably slower than in vivo,
although the difference was only significant at
the 20% level, due to the large individual vari-
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Fio. 2. Br-82 labelled bromide in the venous blood of rabbits whose flank skin was in con-
tact with radioactive sodium bromide solution.
ation of the results. K penetrated rabbit skin
at a similar rate to the other ions, but pene-
trated pig skin at a significantly slower rate
(Table I).
The chief advantage of an excised prepara-
tion is the ease with which one can vary param-
eters when using it. In one series of experiments
the concentration of the radioactive salt solu-
tion applied to the epidermal surface of rabbit
skin was varied either by diluting it with dis-
tilled water, or by adding further salt. The
steady penetration rates of Na and Br
through the skin were found to be propor-
tional to the concentration difference of the
labelled ion across the skin in the range 0.15—
1500 mEctJl (Fig. 4), i.e. Fick's law of diffu-
sion holds over this range.
In a second series of experiments using rab-
bit skin and Na-24C1 at 155 mEq./1. some of
the skins were inverted, i.e. the radioactive
solution was applied to the dermal surface.
There was no indication that this had any ef-
feet on the penetration rate (P inward = 2.9
0.9; P outward = 2.0 0.5 nEq./cm. mm;
mean ratio for skin from the same animal P
out/P in = 0.90; 8 experiments).
Partition coefficient. The apparent partition
of ions between 155 mEq./1. salt solutions and
ether were, for Br from NaBr 2.5 x 10:1,
and for Na from NaC1 1.0 x 10. The radio-
activity of the K from KCI was too weak to
measure; the partition was < 5 x 10: 1.
DISCUSSION
The immediate purpose of these experiments
was to measure the permeability of skin to
some highly polar substance, the common ions
sodium, potassium, bromide and phosphate,
which are virtually insoluble in ether. Since
Fick's law holds for the skin penetration of
these ions (Fig. 4) as well as for other ions
(14, 15) and for covalent molecules (3, 16, 17)
one can specify the skin permeability in terms
of the permeability constant (p; cm/mm x
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Fio. 3. Na-24 labelled sodium (0) and Br-82 labelled bromide (X) ions in the venous
blood of men whose forearms were in were in contact with radioactive NaCI and NaBr, re-
spectively.
1O = cm/min):
where
rp=
r = steady penetration rate (nEq./cm2.min.)
C concentration applied (mEq./ml)
The validity of this equation depends on the
adequacy of the diffusion or circulatory re-
moval of the penetrant beneath the epidermis,
and the steadiness of the penetration rate. In
the present instance, it is likely that both dif-
fusion and systemic removal would be adequate
to keep the dermal concentration of the labelled
ionic species negligible relative to its concen-
tration on the epidermal surface (18). The
surface loss measurements indicated that a
steady epidermal penetration rate was reached
very soon after the radioactive solution had
been applied to the skin (Fig. 1). Other ob-
(3) servers have found the same thing for mercuric
chloride (14) chromate (15) and certain phos-
phonates (19—21). On the other hand the
blood concentration measurements showed that
sometimes, although not always, there was a
considerable delay before the penetrant reached
the blood. This indicates that a variable frac-
tion of the epidermal penetrant is carried away
into the dermis before being removed by the
circulation. Because of this delay, the penetra-
tion rates obtained from the rise of venous
concentration do not represent a true dynamic
equilibrium, and the permeability constants
calculated therefrom are likely to be less than
the true values.
With this proviso, permeability constants
may be calculated from the present data. Their
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Fxa. 4. Steady penetration rate through excised rabbit skin, of Na-24 labelled Na( •)
from NaC1 in 155 mEqjl KCI, and of Br-82 labelled Br( X) from NaBr in 155 mEq./l
NaCI. The lines join points from skin off one animal.
values are 20—60 cm/mm x 10 (jcm/min) for
rabbit skin, 3—30 cm/min for pig skin and
0.6—1.0 cm/min for human skin. The large
difference between human and animal skin is
paralleled by the difference in their electrical
conductance (22). Other observers have re-
cently found ionic penetration rates which, on
calculation, yield similar permeability con-
stants to the above: mercuric through guinea
pig skin, 15—45 cm/min (14); chromate
through guinea pig skin, 20—30 jcm/min (15);
palmitate through excised human skin, 0.5
cm/min (23).
The penetration of aqueous solutes through
excised rabbit skin has been measured for a
large number of covalent compounds (3, 24);
the permeability constants obtained range from
1—110 cm/min i.e. both above and below the
ionic results. Solutes in organic solvents usu-
ally pass through rabbit skin slower (2—13
cm/min; ref. 24) and the organic liquids
methyl salicylate and sarin also pass through
rabbit skin at rates within this range (16, 25).
There is thus no evidence that ions penetrate
rabbit skin particularly slowly. The same argu-
ment, on more limited data (24), can be ap-
plied to pig skin.
On the other hand there is considerable
evidence that human skin is much more per-
meable to covalent substances than it is to
ions. Blank and Scheuplein (17) showed that
the permeability of excised human skin to
aliphatic alcohols in water ranged from 4—100
jcm/min; it was highest for those least soluble
in water. This agrees with the lack of penetra-
tion of polar drugs (1, 2). However, organic
liquids penetrate human skin at rates similar
to those of ions in aqueous solution: tn-n-
propyl phosphate penetrated excised human
skin at 0.8 cm/min (26), tri-n-butyl phos-
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phate at 0.2 icm/min (26), and methyl
salicylate at 3 cm/min (27). The position is
therefore uncertain.
The most obvious structural barrier to the
penetration of ions, or other polar substances,
through the stratum corneum, would be a con-
tinuous lipid membrane around the cells;
this would also account for the greater con-
duction of alternating current through the
stratum corneum (22). The electron micro-
scope does show a fine osmiophil line around
the squamous cells, which could be a lipid
membrane (28). However, it appears around
guinea pig squamous cells as well (29). There
is no obvious difference between human stratum
corneum and the stratum corneum of rodents
or of pigs to account for the large difference
in resistance to the passage of ions between
the species.
SUMMARY
1. The penetration of isotope-labelled ionic
solutions through rabbit, pig and human
skin has been measured in situ and in excised
skin. The labelled ions were Na, Br, K and
phosphate.
2. When applied to unabraded skin as 155
mEq./1. aqueous solutions, these ions pene-
trated rabbit skin at 3—8 nEq/cmmin, pig
skin at 0.5—5 nEq/cm2min and human skin at
0.09—0.16 nEajcm'min. There were no sig-
nifcant differences between the penetration of
different ions through the same skin. Excised
skin was as permeable as skin in situ.
3. In excised skin it was found that Fick's
law was obeyed, and that inversion of the skin
did not affect penetration.
4. These results are discussed relative to the
skin penetration of covalent aqueous solutes
and organic liquids.
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